This paper presents a novel phase current reconstruction fault tolerant control (PCR-FTC) approach of an open-phase fault in three-phase permanent magnet assisted synchronous reluctance motors (PMa-SynRMs). In conventional FTC approaches, the magneto motive force is maintained constant which significantly increases the motor current of the healthy phases. However, higher currents will lead to PMa-SynRM saturation and less reluctance torque. The proposed approach offers a phase orientation methodology to reconstruct the healthy phases of the PMa-SynRM while maximizing the torque under reduced phase currents. The open-phase fault is firstly detected via capturing the current trajectory. Then, the optimum angles of remaining healthy phase currents are obtained. A 7.4 hp PMa-SynRM prototype drive system is simulated and experimentally tested to validate the high accuracy and good dynamic performance of the proposed PCR-FTC method at different loading conditions. A comparative analysis study with the existing methods is performed to confirm the effectiveness of the proposed fault tolerant control method. Finally, the approach is considered a cost-effective solution for industrial applications.
I. INTRODUCTION
ERMANENT magnet assisted synchronous reluctance motors (PMa-SynRMs) provide simple structure, high efficiency, non-rare-earth magnets, high-reliability, and rugged fault-tolerant capability [1] . In general, electrical machines can be subjected to different types of faults e.g. short-circuit faults and open-circuit faults. The short-circuit fault is a destructive one and thus, today's drives have standard protection apparatus that shutdown the drive immediately during the short-circuit fault occurrence and avoid more calamitous consequences. On the contrary, the open-circuit fault is not a destructive one and can remain undetected for long time periods, which may lead to secondary faults [2] . The open-phase fault in electrical machines occurs when a phase winding is disconnected or one leg of the inverter fails. In this case, a large electromagnetic torque ripple is generated and serious mechanical vibration may take place. Hence, fast and accurate fault detection and fault tolerant methods are extremely needed to identify and isolate the fault at an early stage and prevent the system damage [3] .
Several research studies have been done for robust control under fault operation on permanent magnet synchronous motors (PMSMs) [4] . However, limited research works have been performed for reliable fault-tolerant control (FTC) strategies on PMa-SynRM to maximize the reluctance torque and minimize the saturation effect [5] . A FTC method was proposed for a single open-phase fault (OPF) in a three-phase PMSM [6] . This method utilizes finite control set model-based predictive control (FCS-MPC) and was compared to fault tolerant direct torque control (DTC) method. However, this method introduces time consumption as well as more complexity to the control design.
An intelligent complementary sliding-mode control (ICSMC) was introduced for the FTC of a six-phase PMSM drive system with open-phases [7] . This method was presented for stabilizing the FTC of the six-phase PMSM drive system. It also achieves better accuracy and robustness control performance. However, the control design complexity and time consumption are the main drawbacks of the ICSMC. In addition, the other motor windings and power converter topologies have not been considered in this study. A new phase advance under FTC methodology has been proposed and examined at different fault conditions for a five-phase PMa-SynRM [8] . The magnitude of the phase current was limited to a permissible range in algorithm derivation to minimize saturation impacts and ensure a sustainable operation and control strategy under motor faults. However, this method is more effective under low loading condition (below 50% of full load). Under high loading condition (above 50% of full load), less stability and higher torque ripple are observed with this method. Another approach for open-phase fault detection of a PMa-SynRM has been proposed in [9] . This approach was based on symmetrical components (SCs) analysis which used to identify the feature of various types of motor faults. This method analyzes the pattern of magnitude and phase angle changes of the fundamental signal in the SCs. An accurate detection of the open-phase fault condition is the main advantage of this method to provide a timely fault tolerant operation. However, this method is limited under unbalanced resistances fault condition.
A current control FTC strategy due to a loss of one phase of a PMSM drive was presented in [10] . This strategy allowed the PMSM to operate during post-fault condition without any additional hardware. Although, this method maintains the magneto-motive force (MMF) constant under open-phase fault, the remaining healthy phase currents need to significantly increase. Moreover, the control scheme complexity and high dynamic current tracking limited ability are considered the main disadvantages of this method.
In this paper, an accurate generic model of three-phase PMa-SynRM is presented under an open-phase fault. To reduce the saturation effect, maximize the reluctance torque, and maintain a reliable control operation, the healthy phase currents are limited to 173% of the nominal current. Therefore, the proposed oriented phase current reconstruction fault tolerant control (PCR-FTC) approach is applied to restore nominal torque and minimize torque ripple.
II. THE MATHEMATICAL MODEL OF PMA-SYNRM UNDER HEALTHY CONDITION
The dynamic mathematical equations of the PMa-SynRM in the healthy state are as follows [11] [12] [13] [14] 
The electromagnetic torque can be expressed as: r   r  qs  ds  qs  qs   r   r  qs  ds  ds  ds   ds  r  qs  ds  qs  qs  r  qs  ds  ds   e   I  λ  θ   )  θ  ,  I  ,  (I  λ   P   I  θ   )  θ  ,  I  ,  (I  λ   P   I   )I  θ  ,  I  ,  (I  λ  )I  θ  ,  I  ,  (I  λ   2 KP T (5) The terms on line 2 of (5) only exist if the rotor position angle is considered, and their numerical values are small than the terms on the first line. From Fig. 1a , the dq stator voltages and currents can be obtained by (6) : (6) Under the healthy operation of the PMa-SynRM, the phase currents Isn can be represented as:
where µ is an integer number (0, 1, and 2), and (K=3) is the total number of the PMa-SynRM phases.
III. THE OPEN-PHASE FAULT ANALYSIS OF PMA-SYNRM
When a fault occurs on the motor, the zero-sequence component of the phase current becomes active and dramatically increases i.e. Σ Isn≠0. In addition, the average torque reduces with high peak-to-peak instantaneous torque variation resulting in high disturbances in the PMa-SynRM drive system. During the healthy operation of the PMa-SynRM, the stator phase current has two components in the stationary reference frame Isα, Isβ which represents the torque and the flux components, respectively. When phase A is opened, both the torque and flux components dramatically reduce and thus, the total stator phase current vector reduces [8] . In addition, for reaching the same magneto-motive force obtained under healthy operation of the PMa-SynRM, for the post-fault operation, the PMa-SynRM healthy phase currents must increase by 3 (~173%) of the rated current with phase angles modifications as shown in Fig. 1b . This is to avoid the sudden stop of the load that is crucial in some industrial applications e.g. weaving. The motor then will work for few minutes and a safe stop will be applied.
As a consequence, either the inverter or the PMa-SynRM must be over dimensioned resulting in higher system cost, or the post-fault available torque must be limited to 3 / 1 (~57%) of the PMa-SynRM rated torque [15] . The dynamic equations of the three-phase PMa-SynRM under single-phase fault in phase A can be expressed as: steps to derive the proposed PCR approach are as follows: 1) the current magnitude is maintained within limited range of ~173% of the rated current (based on finite element analysis) to avoid saturation effect; 2) the optimum angle of the maximum torque should be assured along with FTC; 3) the torque ripple should be minimized to less than 5% and 4) the zero-sequence current is set to zero for the remaining healthy phases. The overall PCR-FTC approach for the single open-phase fault case in the PMa-SynRM is depicted in Fig. 1c . The PCR-FTC under open-phase fault in the PMa-SynRM is shown in Fig. 1d . It is noticed that the phase current magnitude is reduced. To restore the nominal torque, the magnitude (G) is limitedly reconstructed by 173% of the rated current (to avoid saturation effect) while phase angles are also reoriented. Accordingly, the FTC can be utilized with modified phase currents as: 
The PCR angle contributes in the torque ripples reduction. To sustain the nominal torque, the new angles of the healthy phases can be incorporated in the torque equation as:
The electromagnetic torque in (12) can be maximized if the derivative of the torque w.r.t the PCR angle (α) is equal zero. Therefore, the PCR angle can be expressed as in (13):
During the healthy operation of the three-phase PMa-SynRM, the electromagnetic torque in (5) 
From (16), it is noticed that the torque ripples can be significantly controlled by reducing the ripples components in both Ids and Iqs currents. In the healthy motor operation, the PMa-SynRM phase currents can be transformed into dq-current components using (17) .
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where Sa, Sb, and Sc equal "1" during the healthy operation of the PMa-SynRM, otherwise equal "0" if the phase is opencircuited, and I0s is the zero-sequence current. If an open-phase fault occurs at phase A then the current Sa=0; yields, the currents Ids and Iqs can be expressed as in (18): (18) is used for searching for the reduced ripples in the dq-axis currents.
The torque ripples can be obtained by using (16) and (18): ))] sin(
From (19), it is noticed that the torque ripples can be significantly controlled by reducing the ripples components in the changes of both Ids and Iqs currents magnitudes and by injecting the fundamental and the third harmonics in the dqcurrents. When the current has higher order harmonic component, the torque ripples will be minimum [16] .
The minimum dq-axis currents can be expressed as in (20):
From (20), it can be noticed that the changing signals that are existed in the dq-axis currents can be zero by precisely selecting the harmonics order that can be injected into the threephase PMa-SynRM. When phase A is opened, the dqtransformations in (17) will be modified as in (21): (21) where θa, θb, θc are the reconstructed angles of the PMa-SynRM phases a, b, and c, respectively, Idsk, Iqsk are the harmonic components of the dq-currents during the fault condition. The current trajectory in (21) is used for identifying the fault in the PMa-SynRM phases a, b, and c, respectively. Both the actual and reference dq-currents are compared and regulated using two PI-controllers. Thus, the reference dq-voltage components are generated then converted into the abc-reference frame as inputs to the space-vector pulse width modulation (SVPWM) block. Finally, a set of six-switching signals are generated to control the operation of the three-phase voltage source inverter.
V. SIMULATION RESULTS
In this section, the performance of the proposed phase current reconstructed-fault tolerant control (PCR-FTC) is demonstrated under different modes (healthy, faulty, and PCR-FTC). Simulation results are generated from a PMa-SynRM drive system with MATLAB/ Simulink 2018b.
A. Optimum PCR Angle for Maximum Torque
In this test, the relation between the electromagnetic torque and PCR angle is simulated to locate the optimum reconstructed phase current angle (α) in (13) for maximum developed torque as shown in Fig. 2a . It is noticed that the maximum torque is achieved within 0.26-0.54 p.u. at different optimal PCR angles as 37-42 degree for each loading condition as discussed in section IV. Under single open-phase fault, the increment in the magnetic flux saturation reduces the dq-axis inductances as depicted in Fig. 2b and c . Basically, the saliency ratio for the PMa-SynRM is defined as the ratio of the d-axis inductance to the q-axis inductance. The rated current of the PMa-SynRM is 17.3 A (rms). Considering the PCR angle is 41 deg the d-axis rated current is 13.06 A and the q-axis rated current is 11.35 A. It is shown that, under 200% rated d-axis current (34.6 A), the saliency ratio reduces approximately 30% (saliency ratio 3.6 to 2.6), which significantly reduced the reluctance torque in PMa-SynRM. The cross-saturation effect is noticeably prominent which further reduces the reluctance torque.
B. Phase Currents and Toque under Different Conditions
When the single open-phase fault is occurred, the PMa-SynRM continues to operate for short time. If the loading condition is ≤ 33%, the motor will maintain running mode without any damage. If the load torque is slightly > 33%, the motor will run under higher current above its rated value. Consequently, the motor windings will be overheated and may cause damage for long time operation.
If the PMa-SynRM is operating close to full loading condition, thus, rotor speed will dramatically drop close to zero (within ~1-30 sec.), depending on the load torque and its inertia. For loads with higher inertia, the rotor speed may drop to zero in longer time. Figure 3a shows the phase currents and their dqtrajectory under healthy condition (speed of 2000 rpm. and current of 12.23 A). The phase currents under open singlephase fault condition are shown in Fig. 3b . It is obvious that the currents are highly distorted. Figure 3c shows the phase currents after applying the proposed method which successfully reconstructs the remaining healthy phase currents. Figure 3d shows the rotor speed and torque ripple under healthy and fault conditions. It is noticed that the torque ripple increases from 2.12% to 26.7% while the average torque is reduced by 45.4%. However, the torque ripple has been reduced to 2.62% after applying the proposed PCR-FTC method while maintaining better speed regulation. 
VI. EXPERIMENTAL VALIDATION
In this section, finite element analysis method has been used to accurately design the proposed PCR-FTC including saturation effect and rotor position. A 7.4-hp experimental setup (Table I) with dSPACE 1103 development controller has been constructed to confirm the effectiveness of the developed strategy as shown in Fig. 4a . The phase currents are stored in a lookup table to detect the fault occurrence utilizing current trajectory fault diagnosis methodology [3] . Different tests have been performed as follows:
A. Optimum PCR Angle for Maximum Torque (Experimental)
In this test, the maximum torque angle is experimentally investigated for open-phase fault under different loading conditions. The maximum torques are changing within ~0.22-0.53 p.u. while optimum angles are variating within~40-45 degree which matches with simulated test to a great extent (see Figs. 2a and 4b) .
B. PCR-FTC Steady-State Performance under Different Loading Conditions
In this test, the steady-state performance of PMa-SynRM drive system is investigated with low reference speed (500 rpm) under different mechanical loading conditions (0.2-1 p.u.). When the motor loses one of the phases then 'single-phasing' is occurred. As a result, the motor will draw more current (1.73 times the operating condition) to compensate the absence of the faulted phase. Thus, the motor will be overheated if the load on the motor is not reduced below 1/3 of the rated load (within 1-30 sec) and would probably damage the windings. If thermal overload relay is provided in the motor starter, it will stop the motor before it burns. But if thermal overload relay is not provided, motor may get burnt. Also, mechanical damage may occur due non uniform torque being produced in the motor. Under higher load (near to the rated load), motor speed will dramatically drop close to zero. 
C. PCR-FTC Transient Performance
In this test, the dynamic experimental response of the healthy (non-fault), open-phase fault, and proposed FTC method is evaluated as shown in Figs. 6b and 6c . The dynamic test is performed under constant load torque (TL=0.2 p.u.) and low speed (500 rpm) in order to observe the torque ripple variations. At t=0-2 sec (healthy), it is noticed that a high overshoot and settling time of 24.6% and 1.2 sec, respectively, are resulted. At t=10-20 sec (faulty), a significant torque drop (31.37%) is occurred due to single open-phase fault condition. However, the dynamic response of the PMa-SynRM drive system is improved under the proposed PCR-FTC method as shown in Fig. 6 . A step change in the load torque varies within 0.2-0.8 p.u., is applied every 10 sec. Thus, the proposed fault tolerant control method contributes to reducing the overshoot and settling time that occur in the motor torque, as well as in the speed response during transients. It is depicted that the settling behavior with t99%-the time at which the torque takes to reach 99% of its final value-of ~0.8-0.95 sec.
D. Comparative Analysis
In this section, a comparative study of the developed average torques and its ripple values (%) is performed under single open-phase fault as shown in Table II . It is observed that the proposed PCR-FTC method provides the maximum average torque as 92.5% with the lowest torque ripple value as 2.8% compared to other existing methods [17] - [19] . 
VII. CONCLUSION
In this paper, a phase current reconstruction fault-tolerant control approach (PCR-FTC) of the three-phase PMa-SynRM has been presented. The proposed PCR-FTC method under fault condition has been accurately modeled and analyzed to restore the nominal reluctance torque by limiting current magnitude (173%) to avoid saturation effect, maintain speed control, maximize average torque (92.5%) of nominal torque and minimize torque ripples (2.8%). Furthermore, the healthy phase angles have been reoriented to restore the nominal condition. The performance of the proposed method has been simulated and experimentally validated (7.4 hp PMa-SynRM real prototype) under various conditions (steady-state and transient). A comparative analysis with the other existing FTC methods was performed to verify its maximum average torque along with lowest torque ripple. The proposed technique confirms its validity as a promising method for fault tolerant control of PMa-SynRM in adjustable speed drive industries. 
